Imaging probes targeting type 2 cannabinoid receptor (CB 2 R) overexpressed in pancreatic duct adenocarcinoma (PDAC) tissue have the potential to improve early detection and surgical outcome of PDAC. The aim of our study was to evaluate the molecular imaging potential of a CB 2 R-targeted near-infrared (NIR) fluorescent probe (NIR760-XLP6) for PDAC. CB 2 R overexpression was observed in both PDAC patient tissues and various pancreatic cancer cell lines. In vitro fluorescence imaging indicated specific binding of NIR760-XLP6 to CB 2 R in human PDAC PANC-1 cells. In a xenograft mouse tumor model, NIR760-XLP6 showed remarkable 50-(ex vivo) and 3.2-fold (in vivo) tumor to normal contrast enhancement with minimal liver and kidney uptake. In a PDAC lymph node metastasis model, significant signal contrast was observed in bilateral axillary lymph nodes with PDAC metastasis after injection of the probe. In conclusion, NIR760-XLP6 exhibits promising characteristics for imaging PDAC, and CB 2 R appears to be an attractive target for PDAC imaging.
Introduction
Pancreatic duct adenocarcinoma (PDAC) is the fourth leading cause of cancer-related death in the United States, with an extremely poor 5-year survival rate of less than 10% and a median survival of 5-8 months after diagnosis [1] . Due to the absence of early symptoms and a lack of accurate diagnostic tools for early-stage detection, only 20% of cases are candidates for surgical resection at the time of diagnosis [2] . Preoperative assessment of PDAC margin status is challenging using current technologies, so even if surgical resection can be performed, most patients have residual disease from margin and therefore recur quickly [3] [4] [5] . For patients with advanced disease, treatment options are limited to chemotherapy and radiotherapy, but the effectiveness is unsatisfactory. This is because PDAC is a heterogeneous disease, reflected in diverse clinical response patterns to therapy. Additionally, the tumor hypovasular nature and dense desmoplastic stroma barrier prevent drug delivery [6] [7] [8] . Molecular agents that can specifically target PDAC to allow for early diagnosis and improved therapeutic outcome are therefore in urgent need. To date, though some targets have been explored for PDAC imaging and therapy, such as integrin α v β 3 , claudin-4, epidermal growth factor receptor, vascular endothelial growth factor receptor, urokinase-type plasminogen activator receptor, carcinoembryonic antigen, and carbohydrate antigen 19-9 (CA19-9), more molecular probes with high PDAC imaging contrast still need to be developed [9] [10] [11] [12] [13] [14] .
The endogenous cannabinoids system composed of endocannabinoids and two major G protein-coupled receptors (GPCRs), cannabinoid receptor type 1 (CB 1 R) and type 2 (CB 2 R), plays an important role in various physiological and pathological conditions, making this system an attractive therapeutic target [15] [16] [17] . Under basal conditions, CB 1 R is highly expressed in the central nervous system and mediates the psychotropic effects of cannabinoids, whereas CB 2 R is predominately found in the immune system with high expression only in the spleen and lymph nodes [18] [19] [20] . However, many types of cancer, including PDAC, overexpress CB 2 R, and the expression levels of CB 2 R appear to be associated with tumor aggressiveness [21] [22] [23] [24] [25] . Moreover, CB 2 R agonists potently inhibited viability, proliferation, adhesion, and migration of various types of cancer cells. Therefore, CB 2 R appears to be a promising target for PDAC imaging and therapy.
To date, only a limited number of CB 2 R-targeted imaging agents have been reported, which are mainly applied in position emission tomography (PET) imaging [26] [27] [28] . Although PET is a great imaging technique for clinical imaging with high sensitivity and deep tissue penetration, it has many limitations, such as relatively low spatial resolution, narrow time window, high instrument cost, and injection of radioactive agents. In contrast, fluorescent imaging is a low-cost imaging method with superior resolution and sensitivity, and is becoming more popularly used in the clinic for diagnostic and surgical navigation purposes. When accompanied with dyes in the near-infrared (NIR) spectrum (650-900 nm) where the interference of high tissue absorption and autofluorescence is minimal, fluorescence imaging can also be used to image deep without any ionizing and radioactive damage [29] . Over the past years, we have developed several CB 2 R-targeted fluorescence probes [30] [31] [32] . More recently, we reported a new NIR fluorescent probe with high CB 2 R-binding affinity and preferential binding selectivity to CB 2 R over CB 1 R [33] . Here we report the first in vivo fluorescence imaging study of PDAC using an NIR CB 2 R-targeted exogenous probe.
Materials and Methods

Synthesis of NIR760-XLP6
NIR760-XLP6 was synthesized using our previously reported method [33] .
Human Normal and PDAC Tissues
The paired PDAC and normal pancreatic tissues obtained adjacent to the tumors were collected from PDAC patients during surgery at Ruijin Hospital, Shanghai, China. The tissues were frozen immediately in liquid nitrogen and stored in a −80°C freezer until further study. The use of human tissues for the analysis was approved by the local ethical committee (Ruijin Hospital, Shanghai, China), and written informed consent was obtained from the patients.
Reagents
The CB 2 R selective ligand 4-quinolone-3-carboxamide (4Q3C) was purchased from Cayman (Ann Arbor, MI). IMDM, DMEM, fetal bovine serum, and penicillin-streptomycin were all purchased from Gibco (Waltham, Ma).
Human PDAC Cell Lines
The human PDAC cell lines CAPAN-1, MIA PaCa-2, BxPC3, PANC-1, and CFPAC-1 were all purchased from ATCC (Manassas, VA). CFPAC-1 cells were cultured in IMDM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. The other four cell lines were cultured in DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin. All cells were grown in an incubator with a constant temperature of 37°C and a humidified atmosphere of 5% CO 2 .
Animal Tumor Models
All animal experiments were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of Shanghai Jiao Tong University School of Medicine. The xenograft tumor mouse model was developed by injecting 5 × 10 6 PANC-1 cells into the right flank of 5-to 6-week-old male BALB/c nude mice. The PDAC lymph node metastasis model was induced by the subcutaneous injection of 1 × 10 6 PANC-1 cells into the hind footpad in nude mice.
Real-Time PCR Analysis
We performed real-time PCR to evaluate CB 2 R expression in human PDAC and normal pancreatic tissues, and 5 PDAC cell lines (CAPAN-1, MIA PaCa-2, BxPC3, PANC-1, CFPAC-1). Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA). The total RNA was reverse transcribed into first-strand cDNA using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA). The primer sequences set for PCR were as follows: CB 1 R (ATGAAGTCGA TCCTAGATGGCCTT and ATGAAGTCGATCCTAGATG GCCTT), CB 2 R (CCATGGAGGAATGCTGGGTG and ATCAG ATAGAGCACAGCCACG), and GAPDH (ATGGGGAAGGTGA AGGTCGGAG and GATGACAAGCTTCCCGTTCTCA). GAPDH was used as a housekeeping gene to normalize the relative expression levels. Real-time PCR amplification was performed with SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) on an ABI 7900 Sequence Detection System using the following conditions: 95°C for 3 minutes and 45 cycles at 95°C for 15 seconds and 60°C for 15 seconds.
Cell Fluorescent Imaging of NIR760-XLP6
PANC-1 cells were divided into three groups: 1) cells treated with 5 μM of NIR760-XLP6 at 37°C for 30 minutes; 2) cells treated with 5 μM of NIR760-XLP6 at 37°C for 30 minutes after 30 minutes of pretreatment with 10 μM of 4Q3C as the blocking agent; and 3) cells treated with 5 μM of NIR760 at 37°C for 30 minutes. After the incubation, cells were washed three times with PBS and fixed with 4% paraformaldehyde/PBS for 20 minutes at room temperature. The cell nucleus was stained with 1 μg/ml DAPI for 15 minutes at room temperature. Cells were mounted and then imaged using the Zeiss Axio Observer. Z1 fluorescent microscope equipped with the ApoTome 2 imaging system (Carl Zeiss Microimaging Gmbh, Jena, Germany). NIR760-XLP6 or NIR760 fluorescent images were captured using an NIR camera with an ICG filter (excitation/emission: 750-800/820-875 nm). Nuclear images were obtained with a DAPI filter (excitation/ emission: 335-383/420-470 nm). Differential interference contrast (DIC) images were obtained through Trans light DIC.
In Vivo Optical Imaging of NIR760-XLP6 in Xenograft Tumor Model
Experiments with tumor-bearing mice were performed 15 days after the injection of tumor cells. A total of 15 mice were divided into 3 groups, each of which was injected with the following agents (dissolved in 100 μl saline) via tail vein: (1) five mice received 10 nmol of NIR760-XLP6, (2) five mice received 100 nmol of 4Q3C followed by 10 nmol of NIR760-XLP6 after 1 hour, and (3) five mice received 10 nmol of NIR760. Mice were anesthetized with 2.5% isoflurane, and images were captured at preinjection and at 0.5, 1, 3, 6, 9, 24, 48, and 72 hours postinjection with a Xenogen IVIS Spectrum imaging system using the following parameters: excitation filter, 745 nm; emission filter, 800 nm; exposure time, 
Ex Vivo Optical Imaging, Biodistribution, and Histological Study
After the last imaging time point (72 hours postinjection), all mice were sacrificed by cervical dislocation. Tumors and selected organs (heart, lung, liver, spleen, pancreas, kidneys, brain, muscle from left leg, and blood) were excised and imaged using the Xenogen IVIS Spectrum imaging system. The ROIs along the excised tumors and organs were drawn, and the fluorescence intensities were measured. The biodistribution was analyzed by comparing the average fluorescence intensities in the tumor or organs with those in the muscle of left leg from the same animal. For histological study, all excised tumor and organ specimens were fixed in 4% paraformaldehyde and embedded in paraffin for 5-μm tissue sections. After deparaffinization, all sections were stained with hematoxylin and eosin (H&E).
In Vivo and Ex Vivo Optical Imaging in PDAC Lymph Node Metastasis Model
The in vivo imaging of NIR760-XLP6 in the PDAC lymph node metastasis mice was performed 5 weeks after the inoculation. Three mice were injected with 10 nmol of NIR760-XLP6 (dissolved in 100 μl saline) via tail vein. Mice were anesthetized with 2.5% isoflurane; images were captured at 0.5, 1, 3, 6, 9, 24, 48 hours postinjection. To determine the lymph node uptake of NIR760-XLP6, the PDAC lymph node metastasis mice were enthanized 48 hours postinjection, and selected lymph nodes, including left proper axillary lymph node, right proper axillary lymph node, left superficial parotid lymph node, and right superficial parotid lymph node, were excised and imaged under Xenogen IVIS Spectrum imaging system. The imaging procedure and image processing method were as described above. To confirm lymph node metastasis, all excised lymph nodes were sectioned for H&E.
Statistical Analysis
All data were presented as mean ± SD (standard error of the mean) of n independent measurements. Statistical analysis was performed using Student's t test (IBM SPSS Statistics version 23). A value of P b .05 was considered statistically significant.
Results
CB 2 R Expression in Human PDAC Tissues and PDAC Cell Lines
As initial evaluation of whether CB 2 R could serve as a potential PDAC target, we quantified the CB 2 R expression of human PDAC tissues and cells. Real-time PCR results indicate that the expression level of CB 2 R in PDAC tissues was significantly higher than that in normal pancreatic tissues ( Figure 1A ). All PDAC cell lines express both CB 1 R and CB 2 R, but the expressed levels vary among these cells. Figure 1B shows that PANC-1, CAPAN-1 , and BxPC3 PDAC cell lines have higher CB 2 R expression level than MIA PaCa-2 and CFPAC-1 cell lines. To minimize the interference of CB 1 R, we selected PANC-1 cells for our experiments, which have the highest CB 2 R/CB 1 R expression ratio.
In Vitro Binding Assay of NIR760-XLP6
To evaluate the specificity and imaging potential of NIR760-XLP6 in vitro, PANC-1 cells were treated with 5 μM NIR760-XLP6 or NIR760 with or without 4Q3C as the blocking agent. As shown in Figure 2 , we observed strong fluorescent signal from cells treated with NIR760-XLP6, which mainly localized in cytoplasm, whereas cells treated with the free dye (NIR760) control failed to show fluorescent 
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signal. In addition, when cells were pretreated with 4Q3C, NIR760-XLP6 showed a much lower degree of cellular uptake compared to unchallenged cells. These fluorescent imaging results indicate specific binding of NIR760-XLP6 to CB 2 R.
In Vivo Optical Imaging Studies of NIR760-XLP6 in Xenograft Tumor Model
To study the potential of NIR760-XLP6 for imaging PDAC in living system, we used a xenograft tumor mouse model. In vivo optical imaging was performed approximately 15 days postinoculation of PANC-1 cells subcutaneously. The tumor sizes and overall tumor growth in all mice showed no significant difference. A total of 15 mice were divided into 3 groups and administrated with NIR760-XLP6, NIR760-XLP6+ 4Q3C (blocking agent), and NIR760 (nontargeted free dye control), respectively. Figure 3A shows the time-dependent fluorescence images of one representative mouse from each group, and all images were displayed on the same scale. Right after the injection, NIR760-XLP6 dispersed rapidly in mice during the first 9 hours and then underwent slow clearance after 24 hours. The tumor of the mouse injected with NIR760-XLP6 showed a visible signal contrast, the T/N ratio gradually increased over time, and the fluorescent signal remained intense even at 72 hours after injection. Comparing the NIR760-XLP6 treatment only group, pretreatment of 4Q3C reduced the T/N ratio at nearly all time points, with statistical significance at 48 hours (2.47 ± 0.07 vs 1.87 ± 0.08, *P b .05, respectively) and 72 hours (3.22 ± 0.24 vs 2.25 ± 0.18, *P b .05, respectively) postinjection. In contrast, NIR760 exhibited rapid biodistribution within 1 hour postinjection followed by quick tissue clearance without obvious tumor contrast. The T/N ratio of NIR760 was significantly lower than that of NIR760-XLP6 at 48 hours (1.09 ± 0.05 vs 2.47 ± 0.11, *** P b .001, respectively) and 72 hours (1.09 ± 0.06 vs 3.22 ± 0.41, ***P b .001, respectively) ( Figure 3B ).
Ex Vivo Imaging, Biodistribution, and Histological Study
After the last imaging time point, ex vivo imaging was carried out to study the biodistribution and further evaluate the binding specificity of NIR760-XLP6. Tumor, heart, lung, liver, spleen, pancreas, kidneys, brain, muscle from left leg, and blood were excised and imaged ( Figure 4A ). Remarkably, mice treated with NIR760-XLP6 showed T/N ratio as high as 50, which is significantly higher than the blocking group (49.61 ± 3.92 vs 30.86 ± 6.51, *P b .05, respectively). Additionally, the NIR760 group showed much lower tumor contrast than the NIR760-XLP6 treatment group (1.20 ± 0.01 vs 49.61 ± 3.92, ***P b .001, respectively). Other than the tumors, liver, lung, and kidneys also exhibited comparable signal contrast in both probe and blocking group (liver = 12.28 ± 1.25 vs 11.07 ± 1.37, lung = 13.52 ± 1.24 vs 12.67 ± 1.81, kidneys = 13.48 ± 1.35 vs 10.49 ± 0.53, respectively). Interestingly, the T/N ratios in these organs were much lower than those in tumors, and as expected, no significant blocking effect was observed ( Figure 4B ). These results, along with those from in vitro and in vivo imaging studies, provide strong evidence on the binding specificity of NIR760-XLP6. To determine the gross structure of tumors and examine local toxicity of NIR760-XLP6 in mice, tumors and selected organs (heart, lung, liver, spleen, pancreas, kidneys, brain, and muscle) were sectioned and stained with H&E. Tumor H&E staining images confirmed the presence of human PDAC cells evidenced by the irregularly shaped nucleus with hyperchromatin, polymorphism, and increased mitotic activity ( Figure 5A ). Figure 5C shows the representative H&E staining images of organs, and no evidence of inflammation or necrosis from the tissue sections was observed.
In Vivo and Ex Vivo Optical Imaging Study in PDAC Lymph Node Metastasis Model
To further explore the imaging potential of NIR760-XLP6 for PDAC, we performed in vivo optical imaging in lymph node metastasis mice. Three mice were treated with 100 nmol of NIR760-XLP6. One representative mouse was shown, and all images were displayed on the same scale ( Figure 6A ). Upon injection, visible signal contrast was observed in bilateral axilla and bladder region; the signal contrast reached maximum rapidly at 3 hours postinjection and then underwent a delayed clearance after 9 hours. To study the biodistribution of NIR760-XLP6 in lymph nodes, all mice were euthanized after the last imaging time point; selected lymph nodes (left proper axillary lymph node, right proper axillary lymph node, left superficial parotid lymph node, and right superficial parotid lymph node) were excised and imaged ( Figure 6B ). Lymph nodes exhibited significant signal contrast, but lower to bladder 
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through the bladder. Subsequently, we performed H&E to confirm lymph nodes and metastatic lymph nodes. Figure 5B shows a representative H&E staining image of metastatic lymph node.
Discussion
To our best knowledge, this is the first report on CB 2 R-targeted NIR fluorescence imaging of PDAC. Much effort has been spent on exploring highly specific molecular target of PDAC to improve the diagnosis and treatment of this dismal disease in the past decade. However, long blood circulation times and suboptimal tumor accumulation constrained their potential clinical application [34, 35] ; effective therapy has only been shown in few examples in experimental pancreatic tumor models, including nanomedicines targeting the epidermal growth factor, integrin α v β 3 receptor, and transferrin receptor [36] [37] [38] [39] . In this study, we demonstrate that an NIR probe (NIR760-XLP6) specifically binds to CB 2 R in PANC-1 cells and tumors and led to high imaging contrast (3.2-fold in vivo and 50-fold ex vivo) with minimal uptake in organs. These encouraging results suggest that NIR760-XLP6 may have great potential in imaging PDAC using low-cost fluorescence imaging systems. High overexpression level is of critical importance to a target candidate for diagnostic and therapeutic purposes. We therefore performed real-time PCR to quantify the expression of CB 2 R in patient PDAC samples as compared to normal pancreas tissues. We found that CB 2 R was highly overexpressed in randomly selected patient samples. This is consistent with previous studies, which have demonstrated strong upregulation of CB 2 R in various cancers, including pancreatic cancer, whereas it is undetectable or expressed at rather low levels in the corresponding normal tissues [21, 40] . In additional to patient samples, we also examined CB 2 R expression in five PDAC cell lines and found CB 2 R expression in all tested cell lines, with high level in PANC-1, CAPAN-1, and BxPC3 PDAC cells and relatively low level in MIA PaCa-2 and CFPAC-1 cell lines. The overexpression of CB 2 R in PDAC patient samples and cell lines suggests that CB 2 R is a promising target for PDAC.
Cellular fluorescence imaging showed that NIR760-XLP6 primarily localized in the cytoplasm of PANC-1 cells, which is seemingly unexpected as CB 2 R belongs to transmembrane GPCR family. However, this observation is consistent with recent studies reported by us and others that CB2R is primarily located at intracellular sites in certain cell lines [41] [42] [43] . This may be contributed to ligand-induced internalization, which is part of membrane trafficking of GPCR in regulating complex signaling pathways [44] . Recent studies have shown that CB 2 R underwent internalization after sustained exposure to agonists [42, 43] . When blocked with 4Q3C, NIR760-XLP6 showed a much lower degree of cell uptake. Furthermore, cells treated with free dye did not show significantly fluorescence signal. These results are similar to our previously reported cellular imaging studies using DBT-CB2 cells, indicating that NIR760-XLP6 specifically binds to CB 2 R [33] .
Building upon the findings from cellular imaging studies, we further evaluated the in vivo imaging potential of NIR760-XLP6 in PANC-1 tumor-bearing mice. Free dye control mice showed rapid biodistribution and quick bioclearance throughout the whole bodies without tumor contrast. Conversely, significant fluorescence signal was observed in the mice injected with NIR760-XLP6, and the T/N ratio increased gradually over time. In addition, blocking agent 4Q3C partially decreased the uptake of NIR760-XLP6 in tumors. Although we collected similar results in our previous study using the same probe and the DBT-CB2 tumor mouse model, the imaging contrast shown in this study is far more remarkable. Specifically, T/N ratios of 2.0 (in vivo) and 7.9 (ex vivo) were recorded in our previous study, whereas T/N ratios as high as 3.2 (in vivo) and 49.6 (ex vivo) were observed here. This is likely due to the high expression level of CB 2 R in PANC-1 tumors as compared to DBT-CB2 cells that are delayed brain tumor cells transfected to express CB 2 R at a medium (endogenous) level. We also found that mice injected with NIR760-XLP6 showed no local toxicity in major organs based on the H&E staining. The safety profile and high imaging contrast provide strong support on the potential of NIR760-XLP6 as a new PDAC imaging probe.
To further explore the imaging potential of NIR760-XLP6 for PDAC, we performed in vivo imaging of NIR760-XLP6 in PDAC lymph node metastasis mice. After injection of the probe, significant signal contrast was observed in bilateral axilla at all time points, especially 3, 6, and 9 hours postinjection, which were confirmed to be proper axillary lymph node with PDAC metastasis by H&E. Meanwhile, the T/N ratios of approximately 3.0 (ex vivo) were obtained 48 hours postinjection in both metastatic lymph nodes and normal lymph nodes. The distinct fluorescent signal of normal lymph nodes may be due to the high expression of CB 2 R in normal lymph nodes. Indeed, in basal conditions, CB 2 R is highly expressed in spleen and lymph nodes. There is literature reported that a significant fluorescent signal was observed in spleen 1 hour postinjection using a similar CB 2 R-targeted probe [45] . However, the fluorescent intensities of lymph nodes and spleen were all remarkably lower to tumors. These findings further confirmed the potential of NIR760-XLP6 to image PDAC.
Conclusion
In conclusion, we successfully imaged PDAC cells and tumors using our CB 2 R-targeted NIR fluorescent probe, NIR760-XLP6. Our results suggest that CB 2 R is a promising target for PDAC imaging. We plan to embark on CB 2 R-targeted PDAC imaging using more sophisticated tumor models, for example, comparing the imaging effect of NIR760-XLP6 in PDAC lymph node metastasis model to inflammation model, as well as further exploring the potential of cannabinoid therapy for PDAC in our future studies. 
